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Abstract

Using the NRL-tight binding method, we investigate the electronic structure of the unrelaxed CuzAu(1 1 1) surface. The tight
binding parameters were determined by fitting to LDA calculations and found to reproduce the surface energy, bulk elastic
constants and bulk phonon modes. The surface electronic band structure shows electronic states at the center of the Brillouin
zone, within —0.1 Ry of the Fermi level, in agreement with available photoemission data. For these states, we give an
interpretation and characterization of the contributions of the s, p and d electrons of the Cu and Au atoms. Charge calculations on
each atom indicate that upon formation of CusAu there is charge transfer from the Au atoms to the Cu atoms in agreement with
previous X-ray experiments. The CuzAu(1 1 1) surface atoms are found to gain charge compared to the bulk system, and the Au
atoms regain some of the charge that they lost upon formation of bulk CuzAu. Despite the fact that this tight binding Hamiltonian
was fitted to bulk properties of the CuzAu system, it is able to accurately describe the main features of the CuzAu(1 1 1) surface,

suggesting that this method is reliable for studying binary intermetallic alloy surfaces.
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1. Introduction

The binary intermetallic alloy CuzAu has been the
subject of numerous investigations due to its relation-
ship with materials having improved electronic proper-
ties for technological applications including catalysis,
coating, and high temperature devices [1-3]. A thor-
ough understanding of any material requires detailed
and exhaustive knowledge of its electronic structure.
Theoretical [4-7] and experimental [8-11] studies
established that in CuzAu there is hybridization of
Cu and Au states giving rise to a mix of d bands, with

* Corresponding author. Tel.: +1-302-6510-97310;
fax: +1-302-6510-97034.
E-mail address: me00110j@cc.uoi.gr (Ch.E. Lekka).

the Au states dominating at the bottom of the d bands
and the Cu at the top. Upon formation of CuzAu the Au
5d band is depleted [8—10], while the spatial compres-
sion of the 5d shells of Au is most likely due to the sp
electrons that favor a smaller atomic volume [12].
While the situation is rather clear concerning the
bulk system, studies that could give an insight on the
surface electronic structure are rather limited. Angle-
resolved ultraviolet photoemission spectroscopy of the
CuzAu(l 1 1) surface revealed two sp-like surface
resonances at 0.4 and 1.0 eV below the Fermi energy
and near the center of the surface Brillouin zone (SBZ)
[13,14]. The surface state (SS) at 0.4 eV is commonly
referred to as a Shockley SS and has been extensively
studied in the cases of the Cu, Ag and Au (11 1)
surfaces [15-17]. The Shockley SS has served as a
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prototype for the observation of a variety of phenomena
[18-32] and it was found to play an important role
in surface morphology [31], surface band structure
[18,19,21,27-29], adsorbates and steps [32]. There-
fore, a Shockley-type SS may also play a significant
role in phenomena happening on the CusAu surface
[33—46], rendering a detailed study of this state very
important. Despite its importance, detailed studies
describing this state and other possible SSs, along with
the contribution of the s, p and d electrons of the Au and
Cu atoms are lacking.

The aim of the present work is to study the surface
band structure of the CuzAu(l 1 1) surface and to
obtain information on the role of the s, p and d
electrons of Cu and Au atoms in selected states. We
used the NRL-tight binding (TB) method [47-52] in
conjunction with density functional theory in the local
density approximation (DFT LDA) to provide the
database needed for the determination of the necessary
TB parameters. The NRL-TB approach is approxi-
mately 10° times faster than the various LDA methods
and therefore more feasible for the large number of
atoms needed for surface calculations in the present
work. Because of its quantum-mechanical character
the NRL-TB scheme is preferable to empirical meth-
ods such as the embedded atom method (EAM).
Certainly, the empirical methods produce total ener-
gies faster but the TB has more reliable transferability
to structures that were not fitted. A second advantage
of the quantum-mechanical basis of the TB calcula-
tions is that they yield eigenvalues and eigenvectors
that allow us to evaluate charge transfer between
bulk and surface atoms. We selected the CuzAu(1 1 1)
surface because it has the same stoichiometry as
the bulk system [53] (25% Au concentration) and
there is a variety of experimental data for both the
order—disorder transition [54-57] and the electronic
structure of the ordered [13,14] and the disordered
phases [58].

2. Computational details

The total energy of the NRL-TB method is
expressed as
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where the sum is over the occupied states and the
eigenvalues are shifted to include the non-band struc-
ture energy appearing in the DFT formalism
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where ¢, are the Kuhn—Sham eigenvalues of the
DFT calculations, N, is the number of electrons in
the calculation and F(n(r)) includes corrections to the
kinetic energy and the Coulomb energy double count-
ing terms. The shift F(n(r))/N, avoids the need to
choose an arbitrary zero of energy for the band struc-
ture term and the usual pair-potential term, simplifying
the numerical fitting process. The detailed justification
is explained elsewhere [47-52].

The two-center Slater—Koster formulation of TB
with a non-orthogonal basis breaks the problem into
the calculation of the on-site, Hamiltonian and overlap
parameters. In this method, the on-site parameters
depend on the local environment and represent the
energy required to place an electron in a specific
atomic shell. The Hamiltonian (hopping integral)
parameters represent the matrix elements for electrons
hopping from one site to another and the overlap
parameters describe the mixing between non-ortho-
gonal orbitals on neighbor sites. In all three cases, we
must determine pairwise interactions between atoms
of the same type as well as those between atoms of
different species [51]. This involves an extension of
the original work, which only describes monoatomic
systems [47-50,59-61].

The environmental dependence of the on-site para-
meters is controlled by a set of atomic-like densities
(51]
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where the ith atom is of type i; the jth atom of type j;
p(i,)) is the density of atom i due to neighboring atoms
of type j; and /7 is a fitting constant to be determined.
The cut-off function F takes the form

O(R. — R)

" {1+ exp[(R—Re)/Le + 5]} S

F(R)

where 0 is the step function. For the Cu—Au system,
we take R. = 12.5 Bohr and L. = 0.5 Bohr for all
interactions.
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The on-site terms themselves are polynomial func-
tions of p*?

(i) = ) + Y[ Pp) + @l

+di(i,7)p(i,))] (5)

where the sum is over all atom types in the system. In
general, we use k = s, p, d.

The two-center Slater—Koster hopping integrals are
determined using an exponentially damped polyno-
mial, and depend only on the atomic species and the
distances between the atoms:

Hyy (i, R)
= [Awu(i,)) + Buen (i, )R
+ Cue(i,J)R?) exp[—Dig, (i, /)RIF (R) (6)
where the parameters A, B, C and D are to be fitted. For

like-atom (i = j) interactions, there are 10 independent
Slater—Koster parameters:

SO, SpO, Ppo, PP, sdo, pdo, pdr, ddo, ddr, ddd.
When the atoms are of different types, we must
include an additional four parameters:

pso,dsc, dpo, dpr.

Since we are using a non-orthogonal basis set, we
must also parametrize the overlap integrals. These
have a form similar to that of the hopping integrals

Skwp(i,J; R)
= [Oww(i,J) + Piaen(i,J)R
+ Qkk’,u(;vi}Rz] exp[_Tlgk"u(L})R]F(R) (7)

where O, P, Q and T also represent parameters to be
fitted.

For a two-component system with s, p and d orbi-
tals, there are 316 parameters used in the fit, in contrast
to 93 for a single-element parameterization [48,51].
These parameters are chosen to reproduce the DFT
LDA values of the eigenvalues ¢,” and energies E in
Eq. (1) over a variety of structures.

The basic aim of our procedure is to represent the
Slater—Koster Hamiltonian using simple functional
forms with the parameters chosen to reproduce the
first-principles calculations over a wide range of pres-
sure and structures. The parameters are obtained by
fitting to band structures and total energies of the DFT

LDA calculations. We constructed the database of
electronic band structures and total energies for var-
ious structures at several volumes around the equili-
brium density. In all cases, we used a uniform regular
k-point mesh. For the pure Cu and Au that k-point
mesh corresponds to 146, 55 and 84 k-points in the
irreducible part of the face-centered cubic (fcc) lattice,
body-centered cubic (bec) lattice and the simple cubic
(sc) zone, respectively. For the CuAu sodium—chloride
(B), cesium—chloride (B,) and copper—gold (L1g)
structures, we use a k-point mesh of 89, 84 and 216
k-points, respectively. In addition, we used 84 and 60
(or 44) k-points in the CuzAu (L1,) and AlFe; (DO3)
structures for the CuzAu and AusCu lattices, respec-
tively. For each structure, we used 5-11 volumes, with
the largest number of volumes for the experimental
equilibrium structure. The total database of eigenva-
lues and total energies contains about 5000 entries. We
used the Levenberg—Marquardt algorithm to adjust our
TB parameters to give the best possible reproduction
of the database. The total energies are usually
weighted at about 500 times larger than a single band.
We first fitted the total energies and the band structures
of pure Cu (sc, bcc, fce) and pure Au (sc, bee, fcc)
separately and fixed the corresponding parameters. We
then fitted the total energies and the band structures of
CuAu(B,, B;), CuzAu(L1,, DO3) and AuzCu ((L1,,
DO5), in order to determine the Cu—Au interactions.
For these structures, the average rms error of the
occupied bands is approximately 20 mRy and less
than 1 mRy for the total energies.

After obtaining the TB parameters, we validated
them by calculating the equilibrium lattice constant,
elastic constants and the phonon modes in the high
symmetry points for bulk CuzAu as shown in Table 1.
In principle, the TB parameters obtained with the
procedure described above are not unique. However,
we find that the validation tests eliminate unsuitable
parameter sets, and that remaining parameter sets
give equivalent results for the properties we study
here. Then, we proceeded with the calculation of
surface properties. For the CusAu(1 1 1) surface elec-
tronic structure we performed TB calculations using a
15 atomic layer slab and extended periodically in
directions perpendicular to the (1 1 1) surface. By
fixing the dimension of the simulation box at a value
twice as large as the thickness of the crystal along the
z-direction, we simulated an isolated slab.
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Table 1
Bulk properties of CuzAu

Property Experiment LAPW Present work
A (Bohr) 7.086 6.949 6.975
B (GPa) 152 140 131

C' (GPa) 52 60 100
Cy, (GPa) 187 180 198

Cy» (GPa) 135 120 98
C.y (Gpa) 68 - 92

Iy (cm™) 0 0 0

Iy (cm™h 125 110 153

Iy (em™) 210 200 270

I's cm™h 161 159 195

Equilibrium lattice parameter (a), bulk modulus (B), elastic
constants (C' = C;1—C1a, Cyy, Cio and Cyy), phonon modes at
the I point (I'y and I's) along with the corresponding quantities
found with the LAPW method and the available experimental data
[59-61].

3. Results
3.1. Bulk properties

A direct result of the fitting procedure, which
reproduces the total energies of the CuzAu system
at several volumes, is an accurate determination of the
equilibrium lattice parameters and the bulk modulus.
In addition, we calculated the elastic constants Cu, C;,
and C44 by imposing external strains in the crystal [61]
and obtaining the energy as a function of strain, from
the curvature of which we numerically deduce the
elastic constants. Furthermore, using the frozen pho-
non method [47,62] we calculate the phonon modes at
the center of the Brillouin zone (I’ point). These
results are summarized in Table 1 along with the
corresponding quantities found independently by the
LAPW method and from available experimental data.
As we can see, our predictions are in overall agree-
ment with the LAPW results and with experimental
data not only for the lattice parameter [63] and the
bulk modulus which we have essentially fitted, but
also for the elastic constants [64] and the phonon
modes [65], which are not included in the fitting
database.

The electronic density of states (DOSs) of CuzAu
(L1,) was obtained by the tetrahedron method [66],
using 165 k-points in the irreducible part of the
Brillouin zone. In Fig. 1, we present the total DOS
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Fig. 1. Electronic density of states of the CuzAu: (a) total DOS,
(b) d partial DOS of Cu atoms, and (c) d partial DOS of Au atoms.
In each case, the Fermi level has been set to 0.

(Fig. 1a) along with the d partial DOS of Cu and Au
atoms (Fig. 1b and c, respectively). We observe that
below the Fermi level, the electronic states have
mostly d character while above it they show mainly
s and p character. In Fig. 1b and c, we see that both
kinds of atoms contribute to the entire d-band energy
range from —0.6 to —0.05 Ry giving rise to a common
d band for the Cu;Au system. Nevertheless, the Au d
states dominate the bottom of the d band (Fig. 1c)
while the contribution of the Cu d states is larger near
the top (Fig. 1b). These results are in very good
agreement with available theoretical [4—7] and experi-
mental studies [8-11].

3.2. Surface energy

In order to calculate the surface energy, we evaluate
the energy of the bulk CuzAu (Ecy,au) and the
energy of the CuzAu(l 1 1) surface slab (E;) sepa-
rately for a system of 60 atoms (15 atomic layers) and
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331 in-plane k-points. We evaluated the surface energy
() by:
_ Es - ECu3Au
2A

where E; is the energy of the slab with two free
surfaces, Ecy,au 18 the energy of the ordered CuszAu
bulk and A is the surface area. Our calculation predicts
a surface energy of 1708 and 1648 mJ/m? for the
unrelaxed and the relaxed CuszAu(l 11) surface,
respectively. These results are consistent with our
LAPW-LDA results which give 1596 mJ/m? for the
unrelaxed surface, calculated using 28 atoms (seven
atomic layers) and 14 k-points, based on the WIEN2k
code [67]. The system used in the LAPW-LDA
calculation is small compared to the TB calculation
because it requires a lot of computational time to
perform an LAPW calculation in 60 atoms and 331
k-points. Furthermore, it worth noting that the agree-
ment of the TB calculation with the LAPW-LDA
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result is much better than for most empirical potentials
(including some based on the second moment approx-
imation, Finnis—Sinclair and EAM), which give values
between 863 and 993 mJ/m*> for the relaxed y
[37,38,41,43]. The potential of Bozzolo—Ferrante—
Smith (BFS) is the one exception, giving a very good
relaxed y of 1577 mJ/m? [39,40].

3.3. Band structure

The band structures of the CuzAu bulk system along
the I’ — R direction and the CusAu(l 1 1) surface
along the I' — M direction are depicted in Fig. 2a
and b, respectively. In Fig. 2a, the narrow bands of the
bulk system below the Fermi level are a mixture of the
Cu and Au d bands, in agreement with available
theoretical [4-7] and experimental [8—11] data, while
the bands above the Fermi level have mainly s and
p character (Section 3.1). The I' — R direction of the
bulk system (in k-space (1 1 1) direction), projects

Energy (Ry)

(®) r M

Fig. 2. Band structure of the CuzAu: (a) bulk system along the I'R direction, and (b) (1 1 1) surface along the I'M direction. E; and E; are the

experimentally determined surface states.
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Fig. 3. Contribution of the s, p and d electrons of Cu (@) and Au (Q) as a function of atomic layers for the three energy states (a) —0.090,
(b) —0.026, and (c) 0.004 Ry at the center of the Brillouin zone.
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Fig. 4. Number of electrons of the Cu (@) and the Au (®) atoms for the different atomic layers. The dotted line (labeled pure Cu and pure Au)
corresponds to the number of electrons (11 e™) in the pure Cu and pure Au system, while the b1 and b2 lines refer to the number of electrons of
the bulk Cu and bulk Au atoms in the CuzAu system, respectively.
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onto I' of the (11 1) SBZ. For comparison with
available experimental results, we will focus our
attention at the I" point and close to the Fermi level.
We recall here that angle-resolved photoemission
spectroscopy on the CuzAu(l 1 1) surface shows
two sp-like SSs at E; = —0.029 Ry (Shockley SS)
and E, = —0.073 Ry [13]. As can be seen in Fig. 2b,
in this energy region between the main d-character
area (black region) and the Fermi level of the
CusAu(1 1 1) surface band structure there are several
energy states. Two of these, at —0.026 and —0.072 Ry,
lie very closely in energy to the experimental SS. With
the aim of understanding whether these are SSs and
obtaining information concerning the role of s, p and d
electrons of Cu and Au atoms, we perform a detailed
analysis of the energy states close to the Fermi level,
near I of the SBZ. In Fig. 3, we present the contribu-
tions of the s, p and d electrons of the Cu (@) and Au
(Q) atoms as a function of the atomic layer for three
states with energy of —0.090 (Fig. 3a), —0.026
(Fig. 3b) and 0.004 Ry (Fig. 3c). In the —0.090 Ry
state (Fig. 3a), in the bulk the majority of the electro-
nic contributions is due to Cu d, Au d and Cu s
electrons and this contribution vanishes as we proceed
towards the surface layer. In contrast, for the same
energy state the role of p electrons in the bulk system is
negligible but becomes important at the surface layer.
The state at —0.026 Ry (very close in energy to the
experimental E, state) cannot be clearly classified as a
pure SS or a bulk state because there are significant
contributions from both bulk and surface atoms. Simi-
lar behavior was also found for the state that is close
to the E, experimental state. For the 0.004 Ry state
(Fig. 3c), we observe that near the surface the con-
tribution of the s, p and d electrons of both Au and
Cu atoms is very important, while it becomes negli-
gible when approaching the bulk, suggesting that this
energy state is a pure SS.

3.4. Charge transfer

For the bulk CuzAu system as well as the unrelaxed
CuzAu(l 1 1) surface, we calculate the charge on each
Cu and Au atom by summing the occupied DOS
projected on each atom. In Fig. 4, we plot the number
of electrons of the Cu and the Au atoms for the
different atomic layers of the CuzAu(l 1 1) surface.
We observe that upon formation of CusAu, the Au

atoms lose —0.13 e~ compared to the pure Au, while
the Cu atoms gain +0.03 e, in agreement with
XANES and XPS experimental data [8]. Turning to
the surface behavior, we find that the CusAu(111)
surface atoms gain charge, and in particular the Au
atoms regain 57% of the charge lost upon the forma-
tion of CusAu.

To understand the contribution of different electro-
nic states to the overall charge transfer, we present in
Fig. 5 the decomposition of the curves in Fig. 4 into
contributions from s, p and d electrons. We observe
that upon formation of the CuzAu system, the d and p
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Fig. 5. Number of the d (a), p (b) and, s (c) electrons of the Cu (@)
and the Au (®) atoms for the different atomic layers of the
CuzAu(l 1 1) surface. The dotted line (labeled pure Cu and pure Au)
corresponds to the number of electrons in the pure Cu fcc and pure
Au fcc, while the bl and b2 lines refer to the number of electrons of
the bulk Cu and bulk Au atoms in the CuzAu system, respectively.



Ch.E. Lekka et al./Applied Surface Science 219 (2003) 158-166 165

character of the Au bulk atoms is slightly increased
while the s character is significantly decreased com-
pared with the pure Au. The Cu atoms in CuzAu gaind
character and loose p and s character compare to the
pure Cu metal. On the surface, both Cu and Au atoms d
and s orbitals gain charge while these atoms undergo a
reduction of their p character compared to the Cu and
Au bulk CusAu atoms. It should be noted that in both
Figs. 4 and 5, the numbers of electrons for the Cu and
Au in the bulk region of the CusAu(1 1 1) slab are in
very good agreement with the corresponding values
for the bulk CuzAu system, indicating that the number
of layers used in the slab calculation is sufficient and
that there is no interaction between the two surfaces
through the bulk.

4. Conclusions

In the present study, we investigate the electronic
structure of the ordered Cus;Au(l 1 1) unrelaxed sur-
face using the NRL-TB method. We first separately
determine the TB parameters for the pure Cu and pure
Au system by fitting to LDA calculations the total
energy and the band structure for the fcc, bee and sc
structures. Then we fit the corresponding values for the
CuAu (B and B, structures), the CuzAu and AuzCu
(L1, and DOg structures) in order to fix the Cu—Au
interactions. We find that the our TB Hamiltonian
satisfactorily reproduces the elastic constants, the bulk
phonon frequencies at the high symmetry points of the
L1, CusAu system and the surface energy of the
CuzAu(l 1 1) system. We perform a detailed analysis
on the surface electronic band structure close to the
Fermi level and at the center of the Brillouin zone and
we find two states situated at —0.026 and —0.072 Ry,
that lie closely in energy to the SS found in photoemis-
sion experimental data. Calculation of the charge on
each atom reveals that upon formation of CuzAu there is
charge transfer from the Au atoms to the Cu atoms, in
agreement with X-ray experiments. In addition, both
species of the CuzAu(l 1 1) surface gain charge com-
pared to the bulk system, especially the Au atoms that
regain most of the electron charge loss that occurs upon
formation of the bulk Cu;Au. We conclude that despite
the fact that we fit the TB Hamiltonian only to bulk
properties of the CuzAu system, it describes accurately
the main features of the CusAu(1 1 1) surface.
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